
18. D. Vidovic st al., ;&id. 132, 1113 (1984). and M. B. Widmer for critical reading of the manu- OftwO Small putative exom from mouse and 
19. J. Klein, F. Figueroa, C. David, Imntungmstb 17, script, M. Haderer and L. Dmler for expert techni- 

553 (1983). cal assistance, and B. ~yles for preparauon of the man (6)' Since the pattern of the 
20. Supported by N1I-I grants AT-22312 and CA-39854 manuscript. 14-kb human DMD gene tr;lnscript (8) had 

and by the Midwest Athletes Against Childhood been studied only in fetal tissues, and in 
Cancer Fund (Milwaukee). We thank A. V. LeFever 20 May 1987; accepted 7 August 1987 view of the dilliculties in obtahing large 

amounts of various human tissues, we ex- 
tended our transcriptional studies by using 
the human cDNA as a probe for Northern 
blots of mouse tissue RNA (9). The human Conservation of the Duchenne Muscular Dystrophy ,DNA detecteda l ~ k b  mouse mRNA spe- 

Gene in Mice and Humans ~ies, which was present in very IOW levels in 
tissue extracts of mouse newborn leg and 
gravid (15-day) combined uterus and pla- 

ERIC P. HOFFMAN, ANTHONY P. MONACO, CHRIS C. FEENER, centa and in higher levels in newborn heart, 
LOUIS M. KUNKEL adult heart, and adult skeletal muscle (Fig. 

1). The abundance of the mDMD (mouse 
A portion of the Duchenne muscular dystrophy (DMD) gmc tramcript from human Duchenne muscular dystrophy) transcript is 
fetal skeletal musde and mouse adult heart was sequenced, representing approximately roughly one-thousandth that of the mouse a 
25 percent of the total, 14-kb DMD tcankript. The nudeic acid and predicted amino tubulin transcript (Fig. 1). We detected 
acid sequencts from die two species are nearly 90 percent homdogous. The amino acid DMD transcription in all of the striated 
sequence that is p d c t c d  from this portion of the DMD gtne in&catcs that the muscle that we tested except for fetal mouse 
protein product might serve a structural rok ia musde, but the abundance and tissue tissues containing skeletal muscle. Our in- 
distribution of the messenger RNA mggcsts that the DMD protein is not nebulin. ability to detect fetal tran~cription~was most 

likely due to the heterogeneity of the fetal 

D UCHENNE MUSCULAR DYSTROPHY cohplementq DNA (cDNA) (FSM 5-1) m o w  tissues, the lack of differentiation in 
(DMD) is an X-linked, recessive, that spans a portion of the Xp21 DMD the muscle fibers at early stages of mouse 
human genetic disorder that &cts locus (6). We now report the isolation and development, or both (10). 

approximately 1 in every 3500 males in all characterization of cDNAs corresponding to The smooth muscle cell layers of gravid 
populations that have been studied ( I ) .  the homologous locus in the mouse, a com- mammalian uteri undergo massive hypemo- 
Clitlical onset of Duchenne muscular dystro- parison of the human and mouse DMD phy in preparation for parturition. The grit- 
phy is first observed in affected childten gene expression patterns, and the DNA and id uteri of E15-bearing mice (3 days before 
when they are about 2 to 3 years old, the predicted protein sequence for about 25% parturition) are, therefore, an excellent 
first evidence being proximal muscle wcak- of the total DMD transcript. source of mitotically and metabolically ac- 
ness. Biochemical onset of this disease oc- Previous work on the identification of tive smooth muscle. Our finding of a very 
curs much earlier as seen by histological human DMD coding sequences was based low level of mouse DMD gene transcription 
examination of affected fetal musde (2). primarily on the high degree of conservation in E l  5 combined uterus and placenta is 
Target tissue differences are also observed 

kb with regard to clinical versus histological 23.1 - 
phenotype. Specitically, heart function is 1, - ~ D M D  
only minimally affected, even though heart 9,4- 
muscle appears very similar histologically to 
affected skeletal muscle (3). The rapid and 

- 
progressive w&ting of striated muscle, char- 4.3 - 
acteristic of DMD, leads to death by the end 

A 
of the second decade. 

Despite nearly 100 years of intensive 23- ~rrJ- - ( l l  - a-TU~UII~ 
study, little is known about the primary '- - 
biochemical defect res~onsible for -the de- 
struction of muscle k individuals with 
DMD. We have previously described the 
isolation of genomic DNA that is closely 
linked to the DMD gene and the delinkation 
of two small putative exons of the DMD 
gene within the cloned genoinic regions (4- 
7). One of these exons was used to isolate a 
llkb segment of human fetal skeletal muscle 

E. P. H o h m ,  Ditision of Genetics, Childrcfi'a Ha i 
nl, and Harvard Medical School, Boston, MA 02115: - 
C. C. Fecna, D i i o n  of Genetics, Children's Hospital, 
Boston, MA 02115. 
A. P. Monaco, D i i o n  of Genetics and Program In 
Neurmcicnce, H v w d  Medid School, Boston, MA 
02115. 
L. hi. Kunkcl, H d  Hu a Medical Insti~tc and 
Division of Garm and $!&am in Nauoricncc, 
Harvard Medical School, Boston, MA 02115. 

FM. 1. Expression of the mouse DMD laus. Polyadenylatcd RNA (7 pg) was Jcpararrd by 
e l a a o  hornis in a 1% a g m - f o d d e h y d e  gel. The f n g m ~ n ~  were ansfcrred to a nylon membrane 
and hyLdized with a 32P-~bc~bd (26) h u n m ~  kal skeletal m u c k  cDNA cm&ponding to the human 
DMD locus (7,9). The l 4 k b  mRNA species, comsponding to the mousc DMD gene is shown. As a 
control for the ~ u n t  and efficacy df the RNA that was loaded, the nylon membrane were 
dehybridizcd and rehybridized with a labeled cDNA done, corresponding to the m o w  a-tubdm gene. 
The 2-kb mRNA, corresponding to a-tubulin, is shown for each lane. In (A) (rnDMD) autoradio- 
graphic exposure was for 10 days; in (B) (tubulin) ex urc was for 2 hours, that is, one-hundredth the 
time used for (A). All autoradiogra@y was done w i g  intenswigsEfccn at -8WC and each pmbc 
was labeled to similar s p d c  actintics. The same blots used with the human EDNA probe were then 
dehybridizad and again robed with the m o w  cDNA, MC2-6. The results with the m o w  probe werc 
identical to thosc with k human p b c .  Lana arc as follows: 1, h DNA =nd III-digcst markers; 2, 
E l3  (13-day-old embryos); 3, E l 3  uterus a d  placenta; 4, E l 5  carcass; 5, E l 5  brain; 6, E l 5  uterus and 
lacenla; 7, E l 5  vlscera; 8, newborn b m ;  9, newborn heart and lung; 10, adult heart; 11, adult &ny. 12, adult l~vcr; 13, adult lung; 14, adult skeletal muck.  Additional times that werc tested but 

not shown werc as follows: mouse gravid uteri of cmbryomc day 5 (E5), E7, and E9; isolated m o w  
embryos of E l 0  and E l l ;  adult brain, spleen, small mtcstine, stomach, and testes. All of these assues 
tested negative tbr the mDMD transcript. 
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most likely due to expression in the abw- 
dant smooth muscle tissue. Thus, the 
expression pattern of the human DMD gene 
in m w  is identical to, and otherwise com- 
plements, the expression pattem of the hu- 
man DMD in fetal tissbes (7, l l ) .  

In order to obtain cDNAs representative 
of the mouse DMD gene, a cDNA library 
was constructed from adult mouse heart 
(12) and screened with the pattial cDNA 
corresponding to the human DMD gene 
(FSM-5). Seven mouse cDNA clones were 
obtained from 5 x lo5 primary (hampli- 
ficd) k gtlO recombinants. Six of these were 
encompassed within the largest 2.7-kb 
cDNA, MC2-6, cotresponding to the se- 
quences shown 5' to the Eco RI site in Fig. 
2. The additional 1.7-kb of cardiac cDNA 
sequerices, 3' of the Eco kI site, were 
isolated fiom the same cDNA library by 
screening with a mouse skeletal muscle 
6)NA done that had been isolated fiorfi an 
adult skeletal muscle &DNA library. All of 
the clones that have been isolated fiom the 
mouse skeletal muscle library to date are 

identical to those isolated from the mouse 
cardiac muscle library. In this second screen- 
ing of the ~ d i a c  muscle library ten identical 
clones were obtained. 

The low frequency of DMD clones ob- 
tained in both human (6) and mouse cDNA 
libraries suggests that the DMD messenger 
RNA (mRNA) is rare, probably represent- 
ing about 0.01 to 0.001% of the mRNA in 
m ~ c l e .  This relative abundance is in agree- 
ment with our Northern blot analyses and 
the frequency with which recombinant 
DMb clanes were obtained fiom fo& other 
mouse and human cDNA libraries con- 
structed in our laboratory. 

Fragments of the mouse CDNA were then 
used as probes for Ssuthern blots of mouse 
genomic DNA. At least 12 X chromosome- 
specific, Hind 1 1 1 4  sted DNA fiagments 
wete detected by t h e r  fragment (2.7 kb) of 
cDNA sequences (MC2-6). Ten are evident 
in Fig, 2 (13). Since there was only one 
btkrnal Hind 111 site in the mouse cDNA 
clone, this 2.7-kb clone hybridized to a 
minimum of 11 regions dismbuted over at 

Mouse P BB P BB HE I 
I B P 

cardiac 5' ( 13' 
cDNA 

Human fetal B B B 
skeletal 5 :  13 

muscle cDNA 
250 bp - 

rig. 2. Restriction maps and genomic analyses of artial DMD tDNAs ih mouse and man. This i s  an 
extensioli of a previously described human f a d  s k e L  muscle DMD cDNA segment [FSM-I; (7)] and 
the overlapping mbuse adult heart cDNA segments. The humq cDNA library has been described (7). 
The mouse adlllt heart cDNA library was constructed in A gtlO (13). DMD-homologous sequences 
from both human and mouse recombinant phage were subdoned into lasmid vectors (Bluescript, 
Smtagime) and llrrd as probes against Southern blots of genomic DNA (21 24). A total of 10 of the 12 
mouse genomic Hhd I11 fragments recogmxd by the mouse cDNA, MC2-6 (A, B, and CJ (13), are 
s h o d  irl addition to the human genomic Hind I11 fragments recognized by the extension of the human 
cDNA (D). Becaw of the high degree of conservation of this locus (3, all of the cDNA clones 
exhbited an X chromosome-specific pattern and recognized genomic fragments in the hamster DNA 
backgrounds. Lanes for panels A, B, and C are the following Hind III-digested genomic DNA samples: 
1, labeled (32P) A DNA Hind I11 digest markers; 2, hamster; 3, hamster somatic cell-hybrid bearing a 
mouse X chromosome; 4, male mouse; and 5, female mouse. Panel D has the following Hind III- 
digesd ~ N A  samples: 1, radiolabeled A DNA Hind I11 digest markers; 2, hamster hybrid cell line 
containing a human X chromosome; 3, lyrnphoblastoid cell line from a patient having an Xp21 deletion 
(25); 4, normal male, 46,XY; 5,49,XXXXY cell line (GM1202). Restriction enzyme sites are as follows: 
P, Pst I; k, Eco RI; H, Hind 111; and B, Bgl 11. 

least 90 kb of the mouse X chromosome 
(13). In view of the 14-kb size of the 
complere mRNA, and if we assume a con- 
slant ratio of CDNA to genomic DNA, the 
complete mouse DMD genomic locus prob- 
ably encompasses more than 500 kb of 
genomic DNA. Thus, the hybridization 
chatacteristics of the X-lhked human DMD 
(7,8) are also consefved in the mouse. 

The human fetal skeletal muscle cDNA 
library, originally used to obtain the 1-kb 
FSM 5-1 cDNA (6), was completely digest- 
ed at Eco RI sires because methylation did 
not occur at those sites during construction 
of the CDNA library. Since the 3' terminus 
of FSM 5-1 contained an endogenous Eco 
RI site rather than an added linker, we used 
a genomic exon fragment spanning the Eco 
RI site as a probe to obtain cDNAs on the 
3' side of this Eco RI site. In this manner we 
obtained a 1.2-kb cDNA fragment that was 
ontigubus with that described previously. 
Additional Hind III-digested, X chromo- 
some-specific, genomic DNA fragments, 
were detected by this cDNA (Fig. 2). 

The DNA sequences of the human and 
mouse bMD C D ~  were determined 
throughout the region of overlap (2.2 kb), 
with the mouse sequence extending approxi- 
mately 500 bp both 5' and 3' of the overlap 
(Fig. 3). The total nucleotide sequence of 
3.3 kb represents nearly 25% of the entire 
DMD mRNA and contains one continuous 
open reading frame. Both the DNA atid 
amino acid seqhences ;Ire well conservd, 
exhibitihg 88% homology with the DNA 
and 87% with the amino acid sequence. 
n e r e  is a particularly striking conservation 
in the hydropathicity profile of the mouse 
and human amino acid sequences (14), and 
the hydropathicity profiles are nearly identi- 
cal (Fig. 4). Indeed, if conservative amino 
acid substitutions are permitted based on 
hydropathicity values, the mouse and hu- 
man polypeptides become more than 95% 
homologous. 

The protein sequence that is predicted 
fiom this portion of the DMD gene has a 
number of interesting charatteristics. Chou 
and Fasman calculations predict a strong 
propensity for an a-helical secondary struc- 
ture over the entire 100 kD of protein 
sequence (14). Locally, charged residues al- 
ternate with hydrophobic residues in a man- 
ner resembling those found in tropomyosh 
and the myosin rod, both which contain 
hydrophobic residues concentrated at two 
positions within a heptad repeat. This cre- 
ates a hydrophobic interface between neigh- 
boring a-helical coils, resultitlg in a coiled- 
coil (15). In fact, NBRF protein database 
searches found homologies to many such a 
helix-rich, coiled-coil proteins (14). For ex- 
ample, regions of more than 100 amino 
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Fig. 3. Nucleotide and pred~cted 
amno acid sequences of mouse and 
human cDNAs for a port1011 of the 
DMD gene The cDNAs shown in 
Fig. 2 were subcloned in plasmid 
vectors (Stratagene Bluescr~pt) and 
subjected to elther chem~cal (26) or 
chain termmating (27) sequencing 
methods Clones were sequenced 
on both strands Sequence transla- 
tlons and alignments were done on 
the BIONET resource, Intelligene- 
tlcs D~fferences between the mouse 
and human DNA sequences are In- 
dlcated by asterisks, while ammo 
ac~d lfferences are boxed 

Fig. 4. Hydropathicity profiles of sequenced regions of the DMD cDNAs. Hydropathicity plots, 
obtained with Kyte and Doolittle calculations (14), were done at the Howard Hughes Medical Institute 
Computing Center, Haward Medical School, with the use of default values of the University of 
Wisconsin's PEPPLOT program. The horizontal axis shows the amino acid residue number of the 
human sequence; the vertical axis gives the relative hydropathicity of each plot. 

acids of the DMD protein are 20% homolo- 
gous to the myosin rod of both nematode 
and rat (14). Unlike these perfect coiled- 
coils, however, this section of the DMD 
protein contains occasional helix-brealung 
residues, suggesting that it might adopt an 
a-helical bundle conformation, rather than 
an extended rod structure (16). In addition, 
the initial 650 residues exhibit a fairly con- 
stant ratio of charged to apolar amino acids 
of 0.7, whereas extended rod structural pro- 
teins usually have ratios from 0.9 to 1.4 
(16). In the NH2-terminal fragment, con- 
taining 440 residues, the ratio of charged to 
apolar amino acids is 1.0, and there are 
fewer prolines and a stricter adherence to the 
heptad repeat. 

The high degree of homology in the 
sequence of this protein from mouse and 

man suggests either that it interacts with a 
number of other highly conserved structural 
proteins or it serves a specific structural role 
in muscle tissue. The low ratio of charged to 
apolar amino acid residues in the NH2- 
terminal region suggests that the protein 
product of the DMD gene might be associ- 
ated peripherally or integrally with the mus- 
cle fiber plasma membrane (sarcolemma). 
However, the primary amino acid sequence 
is also reminiscent of most sarcomeric pro- 
teins, such that a structural role for the 
DMD product within the sarcomere is also 
possible. 

A large sarcomeric protein, nebulin, has 
been proposed as a candidate for the DMD 
gene product due to its large size (500 kD) 
and its apparent absence in the muscle of 
affected individuals (1 7) .  Nebulin has been 

estimated to represent roughly 3% of total 
myofibrillar protein (18). We have calculat- 
ed that 0.01 to 0.001 % of total cardiac and 
skeletal muscle mRNA is DMD mRNA. 
Although it is difficult to equate the abun- 
dance of a particular protein to the abun- 
dance of its corresponding mRNA, this 
large difference between the amounts of 
nebulin protein and DMD mFWA seems 
significant. Comparative studies of the dis- 
tribution of nebulin throughout the animal 
kingdom have revealed an analogue of nebu- 
lin in the skeletal muscle of most organisms 
but not in any carhac muscle (rabbit, sheep, 
cow, rat, and bullfrog) (19, 20). We have 
shown that the DMD gene is expressed 
equally well in skeletal and cardiac muscle in 
both humans and mice (Fig. 1).  The differ- 
ences in tissue distribution and abundance 
between the DMD mRNA and the nebulin 
protein suggest that nebulin is probably not 
the primary product of the DMD gene. 
However, the disturbed patterns of nebulin 
protein homeostasis observed in DMD-af- 
fected individuals implicate nebulin as a 
potentially impoqant component in the eti- 
ology of this disease. 

The prominent abnormality in boys af- 
fected with DMD is the loss of skeletal 
muscle. Also associated with DMD are car- 

16 OCTOBER 1987 REPORTS 349 



disc abnormalities (3, 21) and, less often, minimum estimate of the genomic size as there are 21. J .  K. Perloff, A. C. deleon, D. O'Doherty, Ccrcula- 

mental retardation (22). ~h~ transcriptional probabk Inore Hind Irl genomic DNA frag- twn 33, 625 (1966). 
ments lying benveen those detected by our probes 22. G. B. Duchenne,Arch. Gen. Med. 11, 5 (1868). H .  

data that have been presented for the DMD (ti). Zellwe~er and 1. W. Hanson. DO. Med. Child ~, 
gene thus far account for the skeletal and 14. Hydropathy measurements and plots, protein sec- Neuro1."9, 576 (i967). A. E. H .  ' ~ n ~ e r y ,  R. Skinner, 

ondary suucture predictions, NBRF (National Bio- S. Hollowray, Clin. Genet. 15, 444 (1979). 
cardiac defects, but medical Research Foundation) protein sequence da- 23. J. Aldridge et al., Am. J .  Hum. Genet. 36, 546 
the mental retardation. When more is un- tabase searches, and lowered stringency homology (1984). 

derstood about the DMD and surrounding searches between myosin and the DMD protein 24. E. M. Southern, J. Mol. Bwl. 98, 503 (1975). 
\\,ere done on the BIONET (Palo Alto, CA) or the 25. U. Francke et al., Am. J.  Hum. Genet. 37, 250 

xp21 loci, the mental retardation seen in ~ ~ \ \ ~ ~ ~ d  ~~~h~~ ~ ~ d i ~ a l  rnstitute i ~ ~ ~ ~ ~ ~ d  ~ ~ d i .  11985). 
some DMD boys may be explained. Further 
insights into the basic biochemical defect in 
DMD must await specific protein studies 
with antibodies directed against the DMD 
proteln product, analyses of the specific 
mutations giving rise to the DMD pheno- 
type, and cell-based expression studies. 
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Depolarization Without Calcium Can Release 
y-Aminobutyric Acid from a Retinal Neuron 

Calcium influx is often an essential intermediate step for the release of neurotrans- 
mitter. However, some retinal neurons appear to release transmitter by a mechanism 
that does not require calcium influx. It was uncertain whether depolarization released 
calcium from an intracellular store or released transmitter by a mechanism that does 
not require calcium. The possibility that voltage, and not calcium, can regulate the 
release of transmitter was studied with pairs of solitary retinal neurons. Horizontal 
and bipolar cells were isolated from fish retinas and juxtaposed in culture. Cornmuni- 
cation between them was studied with electrophysiological methods. A horizontal cell 
released its neurotransmitter, y-aminobutyric acid, when depolarized during condi- 
tions that buffered the internal calcium concentration and prohibited calcium entry. 
The speed and amount of material released were sufficient for a contribution to 
synaptic transmission. 

C ALCIUM-TRIGGERED EXOCYTOSIS 

operates to release transmitters at 
neuromuscular junctions, between 

peripheral neurons, and in the brain. Synap- 
ses that utilize this mechanism are often 
recognized by two features: first, an aggre- 
gation of vesicles marks each presynaptic site 
and second, ca2+ is required for transmitter 
release. Exceptions to this ubiquitous mech- 
anism may now have been identified in the 
distal retina (1, 2). Studies of its anatomy 
and physiology indicate that both photore- 
ceptors and horizontal cells make synapses 
that operate differently. 

Photoreceptors make tu70 morphological 
types of synapse (3) : one has an aggregation 

of vesicles at a release site, the other is vesicle 
poor. Isolated photoreceptors release trans- 
mitters by two mechanisms (2) : one requires 
extracellular ca2+. the other continues in 
the absence of ca2+.  Moreover, one compo- 
nent of the normal synaptic transmission 
from photoreceptors to postsynaptic cells 
requires extracellular ca2+ (4), while anoth- 
er component functions without extracellu- 
lar ca2+ (5). 

Complementary observations have been 
made for horizontal cells. They make synap- 
ses that lack vesicles (6) and release the 
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